Abstract. The growth of core-shell nanocrystals (NCs) can lead to extended interface disorder due to the intermixing of core and shell materials. Such an issue is particularly important for large single-and multi-shell upconverting NCs, which have been considered as being relatively insusceptible to intermixing. In this work, a robust methodology -based on structure-independent local chemical analyses with nanometer-scale resolution and highenergy synchrotron x-ray powder diffraction -has been used to shed new light on the chemical and structural organization of large single-, double-, and triple-shell upconverting NCs. The experimental results reveal, for the first time, that significant disorder: i) exists at the interfaces of large (20 -50 nm) multi-shell upconverting NCs; ii) reaches core-shell and shell-shell interfaces, independently of their position within the structure; iii) can be partially controlled by the shell deposition method; and iv) leads to the formation of multiple lengthscale interfaces depending on the size of the starting seeds, the number and relative thickness of the pre-existing shells in the seeds. It is anticipated that the results will be beneficial in furthering the fundamental understanding of the structure-property relationships of multi-shell upconverting NCs.
Introduction. Over the last decade, numerous promising investigations on the practical utilization of lanthanide (Ln)-doped upconverting nanocrystals (NCs) have been reported, including their use in background-free biological sensing and light-triggered drug delivery, 1, 2 super resolution nanoscopy, 3 barcoding, 4 anti-counterfeiting, 5 and energy harvesting. 6 Two landmark developments significantly increased the performance of upconverting NCs; namely the introduction of the single-shell concept in 2004/2007, [7] [8] [9] [10] followed by the multishell concept in 2011/2013. [11] [12] [13] [14] The latter opened up tremendous possibilities to finely tune the upconversion (UC) properties of increasingly complex nanoscale upconverting architectures. [15] [16] [17] [18] The energy migration pathways that are used to control the optical properties of multi-shell upconverting NCs depend on the, yet unclear, chemical and structural order of core-shell and shell-shell interfaces. The precise description of multi-shell NCs in terms of crystal structure and chemical organization is particularly challenging due to the lack of chemical and crystallographic periodicity within individual NCs. Thus, the question as to how much disorder occurs at the interfaces of such NCs remains open. It has been considered that intermixing of core and shell materials is limited to ultra-small particles (<10 nm), which are more reactive than larger particles (>20 nm) and for which the intermixing effect is considered as being negligible or simply non-existent. 19 Thus, to date, large multi-shell upconverting NCs are considered as well-ordered systems with spatial separation of the optically active elements (i.e. Ln 3+ cations) into nano-domains with abrupt interfaces, as schematically illustrated in Figure 1A . However, preliminary investigations performed on single-shell structures suggested that the chemical organization of multi-shell NCs could be subtler and more complicated leading, in certain cases, to extended intermixing ( Figure 1B ). The idea was first postulated by van Veggel et al. 20 nearly a decade ago for single-shell NCs.
Spectroscopic evidence in favor of van Veggel's assumption was provided six years later by
Haase and co-workers via the energy transfer between 2-naphthoic acid -located at the surface of the NCs -and Eu 3+ in NaEuF 4 NaGdF 4 (14.4 nm  5.5 %). 21 19 It is important to note that the intermixing effect observed for upconverting NCs is in alignment with earlier research on core quantum dots (QDs). For example, Alivisatos et al. 23 discovered that QDs are chemically dynamic systems and are, thus, more prone to mixing than their bulk counterparts. A recent review by Chang et al. 24 on interfacial engineering of single-and multishell QDs clearly shows that spectroscopic analyses combined with structural characterization can unveil the important role played by interfaces in controlling optical properties of QDs. Finally, cation exchange reactions with preformed NCs trigger various multi-parameter dependent (temperature, association and dissociation energies, solvation and desolvation energies, nature of coordinating ligands in the growth media, and miscibility of the different phases) transformations within the final architecture as recently reviewed by De Trizio and Manna. 25 To date, the magnitude of the intermixing effect in large single-and multi-shell upconverting NCs remains unknown, despite such NCs representing >90% of the structures reported in the literature, including the most recent developments. 26, 27 Moreover, three main shell deposition methods are classically used and reported in the literature to synthesize singleand multi-shell upconverting NCs, [28] [29] [30] but the influence of such methods on the final chemical and structural organizations of the as-prepared core-shell structures is also unknown. Finally, large multi-shell upconverting NCs are of major interest because they can bridge the existing gap between extreme cases that were recently reported. 19, 21, 22 Thus, it is very likely that interface formation in large single-and multi-shell upconverting NCs is a multi-parameter dependent effect whose magnitude in terms of interface thickness as well as chemical or structural disorder can be controlled.
Figure 1. Schematic representations of double-shell (C2S) upconverting nanocrystals showing the 'sharp interfaces' (A) and 'intermixed' (B) models. In
Herein, we use structure-independent local energy dispersive x-ray spectroscopy (EDXS) in a transmission electron microscope (TEM) and high-energy synchrotron x-ray powder diffraction (XPD) to demonstrate that the intermixing of core-shell and shell-shell layers occurs during the synthesis of large single-(CS), double-(C2S) and triple-(C3S) shell upconverting NCs up to 50 nm. Despite the relatively large size (~20 nm) of the starting seeds, the investigated multi-shell NCs exhibit the formation of diffuse and inhomogeneous interfaces on multiple length-scales. Unexpectedly, the deposition of the first shell (NaYF 4 ) did not protect the integrity of the core during the deposition of the second shell (NaGdF 4 ).
The latter is once again modified when adding the third shell (NaYF 4 ). Additionally, intermixing was observed for the three main shell deposition methods, [28] [29] [30] which are classically used for the growth of single-and multi-shell upconverting NCs. Interestingly, differences regarding the magnitude of the intermixing effect were observed depending on the shell deposition method that was used. Our findings constitute a novel evidence in favor of complex interfaces in large single-and multi-shell upconverting NCs in a size-range covered by >90% of the UC nanoparticle literature. The results presented constitute an important step towards properly describing the organization of such complex functional nanomaterials, which have to be considered as non-periodic modulated structures.
Large single-shell upconverting NCs. Three main synthetic methods are classically used and reported in the literature to synthesize high quality single-shell (CS) upconverting NCs. [28] [29] [30] Differences between the synthetic methods are mainly related to the chemical nature of the starting rare-earth, sodium, and fluorine precursors, as well as the way shell precursors are injected into the seeds solution. With time, all three synthetic methods have been refined but their basic principles have not changed. The first synthetic method (Method I) that was reported to synthesize CS upconverting NCs is based on the controlled hot-injection at high temperature of the shell precursor solution into a hot solution containing the starting core NCs. Such a method is characterized by the utilization of sodium trifluoroacetate (NaOOCCF 3 ) as a single-source precursor for sodium and fluorine. The single-source precursor is used in combination with rare-earth trifluoroacetates. 28 The second synthetic method (Method II) was first reported in 2008 and is based on the utilization of sodium hydroxide (NaOH) and ammonium fluoride (NH 4 F) as dual-source precursors for sodium and fluorine in combination with rare-earth chlorides or acetates. 29 The starting core NCs are directly added into the shell solution at low temperature (50-80°C) and the resulting mixture is heated up to the target temperature (usually 280-310°C). Note that as for the synthetic Method I, the shell precursor solution can also be injected at high temperature. Finally, the most recent synthetic method (Method III) was first reported in 2012. 30 Contrary to Methods I and II, small -NaLnF 4 (cubic phase) NCs are used as shell precursors (also known as sacrificial seeds) and injected at high temperature into a hot solution containing the starting seeds. Such a modification of the chemistry can not only modify shell growth mechanisms, but also the chemical stability of the initial seeds within the growth medium. All three synthetic methods have been used in this study to first prepare CS upconverting NCs. To enable a fair comparison between the different methods (Methods I, II, and III), all shell growth experiments were performed by using the exact same isotropic NaEr 0. Figure 5A 2 ) shrinks to 8 nm (average 7  2 nm measured on four particles). A thick (7.5 -9 nm) (erbium-ytterbium) / yttrium interface is formed with two different regions. The closest to the pure erbium-ytterbium core region is composed of 60 % erbium-ytterbium and 40 % yttrium whereas the farthest is composed of 35 % erbiumytterbium and 65 % yttrium. Interestingly, the thin (2 nm) pure yttrium-based shell that characterized the outer region of the CS I seeds has completely disappeared and is replaced by a second interface of 2.5 nm, which is mainly composed of yttrium and gadolinium into various proportions. Note that the inner region of this second interface is characterized by the presence of all elements (erbium-ytterbium, yttrium, and gadolinium) in an ultra-thin (ca. 1 nm) layer. The second interface is surrounded by a thick (5 -6 nm) and pure gadolinium shell. It is worth noting that for the final C2S architecture, the pure C region represents only 1 % of the total volume of the NC whereas the combined volume of all interfaces and the volume of the pure outer shell represent 34 % and 65 %, respectively.
) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) micrographs, (A 2 -C 2 ) high-resolution transmission electron microscopy micrographs with (A 3 -C 3 ) their corresponding two-dimensional Fouriertransform (FT) patterns of NaEr 0.8 Yb 0.2 F 4 / NaYF 4 CS upconverting nanocrystals (NCs). The latter where synthesized by the three main shell deposition methods typically used by research groups worldwide (method I -left column; method II -middle column; and method III -right column). The indexing of the two-dimensional FT patterns is compatible with the formation of the hexagonal phase (-phase, space group , # 174). Insets in panels A

) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) micrographs with white arrows indicating the energy dispersive x-ray spectroscopy (EDXS) scan directions of individual
Similarly, C3S I NCs were synthesized. Note in that case the amount of injected shell precursors was decreased (compared to the synthesis of CS2 I NCs) to limit the final size of the NCs (see details in the supporting information). As shown in Figure 5 (B 1 -B 2 ), intermixing is still significant in a C3S structure. Colorized overlaid layers on the HAADF-STEM micrograph ( Figure 5B 1 ) illustrate the distribution of the different Ln 3+ elements within the particle. The chemical organization is typically derived from a direct contrast-based analysis of the HAADF-STEM micrograph. The clear limits between the dark (attributed to yttrium) and bright (attributed to be erbium-ytterbium or gadolinium) regions on the HAADF-STEM micrograph (no processing treatment have been used to either modify or improve the contrast) are sometimes considered as evidence of the formation of a large multi-shell structure with sharp interfaces. However, the structure-independent chemical profiles presented in Figure 5B 2 reveal a different story as to that conveyed by the contrast-based analysis of the corresponding HAADF-STEM micrograph ( Figure 5A ). Although the particle analyzed is large (51 nm), chemically pure interfaces are either non-existent or ultra-thin (1 nm at best). More importantly, chemical elements supposed to be confined in the core region are in reality in direct contact with chemical elements from the first and second shells within a relatively thick interface of ca. 8 nm (light gray regions, Figure 5B 2 ) with concentration gradients. Similarly, chemical elements from the second and third shells are in direct contact within a diffuse interface of ca. 10 nm (dark gray regions, Figure 5B 2 ).
Investigations performed on large double-and triple-shell structures constitute for the first time direct evidence that extended disorder reaches all chemical domains (initially designed to be independent) of a multi-shell architecture despite the relatively large size of the final structure (50 nm), which is at the upper limit of the size regime usually reported in the literature for such architectures.
Structural Characterization. High-energy synchrotron XPD data of C I , CS I and C2S I NCs were indexed to hexagonal β-NaLnF 4 with space group , 32 with the absence of extra peaks 6 that could be assigned to crystalline impurity phases. These data were examined in reciprocal space via Rietveld refinement of background removed patterns, and in real space by the fitting of the pair distribution function (PDF) at short (1.5-15 Å) and long (15-30 Å) interatomic (r)-ranges. For all three samples, excellent fits to the experimental data with reasonable refined parameters were produced ( Figure 6 ) with a one-phase model for both C I and CS I NCs and a two-phase model for C2S I NCs. The good agreement obtained between reciprocal and real space refined parameters (Tables S1-S2) , further supports the veracity of these results. XPD data are in agreement with the models derived from local elemental EDXS analyses. 
one-phase model (D, E) and a two-phase model (F). PDF refinements were performed for the short-(middle column) and long r-ranges (right column). For all refinements the goodness of fit (R W value) is indicated (bottom right).
The refinements were carried out as a one-phase model for C 33 In a first approximation, the CS I NCs can be described as a solid-solution in agreement with the results obtained for ultrasmall single-shell NCs. 22 However, when a second gadolinium-based shell (with a larger ionic radii mismatch of ~5 %) 33 is deposited onto the CS I structure (C2S I ), both a shift in the position and broadening of the XPD and PDF peaks is observed. In this case the reciprocal ( Figure S7 ) and real ( Figure   S8 ) space refinements were significantly improved when adding an extra phase ( ) in the 6 refinements of C2S I ( Figures 6C and 6F 1-2 ). The compositions of the two phases included in the refinement of C2S I were fixed to match Na(∑Er,Yb) 0.5 Y 0.5 F 4 for the inner part (Phase 1) and NaGdF 4 for the outer part (Phase 2) with larger lattice parameters. Note that the refined volume fractions for these two phases (Table S2) iii) such disorder can be modified to a certain extent by the shell deposition method; and iv) disorder is characterized by the formation of chemically non-homogeneous and diffuse interfaces on multiple length-scales depending on the size of the starting seeds and also on the number and relative thickness of the pre-existing shells in the seeds. Although the degree of disorder varies somewhat, it is not clear yet whether, and under which conditions, intermixing can be suppressed. This new set of evidence combined with those previously obtained with ultra-small (<10 nm) 22 and small (<20 nm) 21 single-shell upconverting NCs clearly indicate that both single-and multi-shell upconverting NCs have to be described as non-periodic modulated structures. Note that typical examples reported in this contribution cover the vast majority of core-shell upconverting structures reported in the literature up to now. At the time where controlling multi-shell upconverting NCs (including sub-10 nm architectures) with atomic precision is highly desired, 34 our results constitute an important step towards the comprehensive understanding of the structure-property relationships of such technologically important luminescent nanomaterials.
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